ABSTRACT Underwater glider is a cost-effective underwater unmanned vehicle with high endurance for applications in both civilian and military fields. Mobile underwater acoustic sensor networks are consisted of underwater gliders confront with several unique challenges, including high spatial-temporal uncertainty and long propagation delay of acoustic signal. In this paper, we propose an OFDMA-based MAC protocol named G-MAC for an underwater glider network, which leverages dynamic sub-channel allocation and transmission power adjustment. G-MAC is a multichannel MAC protocol dedicated for using in underwater centralized networks, which aims to maximize the network's goodput. To solve the optimal problem, G-MAC allows for concurrent data transmissions by applying Nash equilibrium to allocate transmission subchannel and related power adjustment. In addition, to reduce the negative impact from spatial uncertainty, a motion prediction method based on the characteristic of underwater glider is applied. Simulation results document that G-MAC outperforms the existing solutions in terms of network goodput and energy consumption in the representative network scenario.
I. INTRODUCTION
Underwater acoustic sensor networks (UASNs) have been widely applied to conduct exploration and observation tasks in both civilian and military fields including navigation, data collection, and disaster prevention [1] . Compared with traditional static platforms such as surface buoys or subsurface moorings, underwater vehicles equipped with sensors can largely expand the scope of monitoring. Underwater sensor networks consist of mobile underwater vehicles referred to as mobile underwater acoustic sensor networks (MUASNs) [2] . Of all the different types of underwater vehicles, the underwater glider (UG) [3] is a new type of autonomous underwater platform, which can achieve autonomous navigation by adjusting buoyancy. The UG is characterized by its light weight, low energy consumption, long endurance and low cost compared with autonomous underwater vehicles (AUVs) and unmanned underwater vehicles (UUVs).
With the development of UGs, there is an increasing desire to employ UG formation and coordination to accomplish complex missions. Despite the technological advances of underwater acoustic communication, there are several limitations that still need to be addressed before MUASNs can be put into practical applied use including long propagation delay, limited bandwidth and high transmission loss. In addition, for MUASNs, mobile sensor nodes may increase the spatial and temporal uncertainty of the packets' transmission, which may highly degrade network performance by making media access control (MAC) protocol design a daunting challenge.
Many MAC protocols dedicated to UASNs have been proposed in the last decade. All of these MAC protocols fall into three categories: random access [4] , [5] , reservation-based [6] - [8] and schedule-based MAC protocols. Among most of the proposed MAC protocols for UASNs, reservation-based MAC protocols such as Slotted FAMA [8] have proven to have better performance with a heavier traffic load. With the exchange of control packets, they can alleviate packet collisions and achieve a relatively high network throughput. However, few existing MAC protocols consider the characteristic of the hardware design of the acoustic modem. In recent years, multicarrier modulation schemes in the form of orthogonal frequency division multiplex (OFDM) dedicated to underwater acoustic communication have been widely studied because of their high bandwidth efficiency. An OFDM-based acoustic system is a special case of multicarrier modulation in which multiple user symbols are transmitted simultaneously using different subcarriers with overlapping orthogonal frequency bands. This characteristic of the OFDM system makes it an appropriate technology for underwater communications due to its robustness to both frequency-selective fading and multipath effect and high spectrum efficiency. Therefore, an OFDMbased multimedia access named OFDMA scheme that allows multiusers to access channels simultaneously on different subcarriers is a logical MAC scheme for a network in which the nodes are equipped with OFDM acoustic modems.
In this paper, we propose a MAC scheme dedicated to the small scale UG network referred to as a cluster with one master glider named MG and several slave gliders named SGs. A large-scale UG network can be divided into many clusters. This formation is widely applied for many tasks such as surveillance and monitoring. In the network with a requesting message from the MG, the SGs will transmit data to the MG. Therefore, two types of links, namely, uplinks, which are defined as the links from the SGs to the MG, and downlinks, which are defined as the links from the MG to the SGs, exist in the network. For the uplink's transmission in a dynamic network scenario, the SGs need to coordinate their transmission frequency band and related sending power level to avoid packet collision. To solve this problem, a novel OFDMA scheme, named G-MAC, with a motion prediction method is proposed in this paper. The purpose of the scheme is to maximize the capacity of networks by optimally, jointly allocating subcarriers and the transmitting power level. Specifically, based on the collected channel information and the predicted trajectory, an optimization problem, whose object is to maximize the overall network's throughput while avoiding consuming unnecessary high sending power, can be formulated. This resource allocation problem can be viewed as a noncooperative game, in which users choose the best transmission power and subcarriers. The game can be solved by applying the Nash equilibrium equation.
The rest of the paper is organized as follows. In Section 2, we present the related works of MAC protocols dedicated to UASNs. In Section 3, we propose the design of an OFDMA-based MAC protocol for an underwater glider network with motion prediction. In Section 4, we provide simulation results and analysis on the performance of G-MAC compared with two classic reservation-based MAC protocols, Slotted FAMA and DOTS. Finally, our main conclusions and future works are drawn in Section 5.
II. RELATED WORK
The objective of a media access control scheme is to allow as many users to fairly access a common medium as possible. To avoid collisions, generally, MAC protocol can be classified into three categories: random access, reservation-based and schedule-based MAC protocols.
Due to the relatively low propagation speed of acoustic signal, the packet collision depends on both transmission time and the distance between sender and receiver. This is the spatial-temporal uncertainty problem, which is the main difference and challenge for MAC design in underwater. The schedule-based MAC protocol is widely applied in the UASNs due to its simplicity. A schedule-based time division multiple access (TDMA) protocol named ST-MAC was proposed in [9] . In ST-MAC, a spatial-temporal conflict graph (ST-CG) was constructed, and vertex coloring methods combining an ordered carrier sense multiple access (CSMA) protocol were applied to address the spatial uncertainty problem. With ST-CG, ST-MAC first translates the TDMA-based scheduling problem in the UWSNs into a special vertex-coloring problem in the context of a spatial-temporal conflict graph that describes explicitly the conflict delays. Then, they propose two novel heuristic approaches: 1) the traffic-based one-step trial approach (TOTA) to solve the coloring problem in a centralized fashion; and for scalability, 2) the distributed traffic-based one-step trial approach (DTOTA) to assign the data schedule for tree-based routing structures in a distributed manner. In addition, a mixed integer linear programming (MILP) model is derived to obtain a theoretical bound for the TDMA-based scheduling problem in UWSNs. However, ST-MAC cannot effetely solve the so-called nearfar effect where a node located farther from the receiver is jammed by a closer node. In [10] , by carefully scheduling transmissions, the simultaneous transmissions of the near-far node pairs can actually increase the network performance. The authors also proposed a transmission allocation algorithm that opportunistically utilizes information on occurrences of near-far scenarios in UWANs to maximize channel utilization.
Guan et al. [11] proposed a queue-aware distributed access scheme, in which each transmitter optimizes a transmission probability profile based on whether to transmit or to enqueue its packets over a series of time slots based on a statistical characterization of interference obtained through its past observations. To model the effect of unaligned interference, they proposed an L-measurement method, where interference is measured at multiple instances in time in each time slot to capture the effects of temporal uncertainty. Then, a related iterative distributed solution algorithm was designed to solve the mathematical formulation of the problem for dynamic transmission strategy optimization. However, such a scheme relies on a large number of observation data; the lack of underwater transmitted data and dynamic characteristic of such data may reduce the reliability of the scheme.
As for a heavy traffic load situation, usually based on the exchange of control packets, reservation-based schemes show better performance. In [8] , based on the floor acquisition multiple access (FAMA) scheme, the authors introduced a time slot scheme to overcome the long and dynamic propagation delay impact on the transmission. The proposed protocol can eliminate the hidden terminal problem by guaranteeing that a node having acquired the medium control will not suffer from a data collision during its transmission. However, to avoid packet collision, the length of every time slot in SFAMA should be larger than the maximum propagation delay, which may highly reduce the throughput performance. Later, in [12] , to increase the opportunities for concurrent transmissions while reducing packet collisions, the authors proposed the multisession FAMA algorithm that relies on passively obtained local information to conduct simultaneous transmissions. Similarly, Han and Fei [13] proposed the DAP-MAC protocol, which eliminates the handshaking process and utilizes concurrent transmissions to significantly improve the network throughput. The compatibility relation among the senders based on their distances to the common receiver is derived at run-time.
To further improve the throughput performance, especially for networks with a central node, a multiuser uplink transmission has been proven to be a promising technique for spectrum-efficient communications. However, due to the unique features of underwater acoustic networks (UANs), such as the limited bandwidth and the long preamble of acoustic modems, conventional medium access control (MAC) protocols proposed for terrestrial multiuser uplink communications need an overhaul to work efficiently in UANs. Luo et al. [14] propose a novel MAC protocol, called the competitive transmission MAC by applying a parallel competition mechanism. With parallel competition, the control packets produced by each user only need to reach the direct neighbors with a low transmission power to save energy. Meanwhile, the data generated by users in different time slots can join the competition transmission in parallel to improve the channel utilization. As for the MAC scheme dedicated for mobile underwater networks, Noh et al. [15] proposed the delay-aware opportunistic transmission scheduling (DOTS) protocol that uses passively obtained local information, such as propagation delay, to increase the chances of concurrent transmissions while reducing the likelihood of collisions.
Liao et al. [16] propose a handshake-based ordered scheduling MAC (HOSM) protocol for an underwater acoustic LAN. The nodes with data packets to be transmitted first reserve the channel in a channel reservation phase. Then data packets are transmitted according to the calculated order list. In addition, authors develop a control packets transmission adjustment mechanism to reduce collisions among control packets.
With the development of an OFDM-based acoustic modem, Bouabdallah and Boutaba [17] proposed a UW-OFDMAC protocol that aims at setting the optimal combination of the transmit power, subcarrier allocation and guard interval duration on the transmitter side to minimize the energy consumption and mitigate the inter-channel/signal interference effects. Cheon and Cho [18] proposed a scheme in which the sink node allocates the OFDMA subchannels to nodes based on their distance from the sink node, which is acquired by calculating the time of arrival signal (TOA). However, such a scheme relies on the full synchronization of the network. It is still not clear how collisions will be avoided as the frequency bands are allocated to nodes with similar distances from the sink node.
From the analysis above, we observe that many existing MAC protocols dedicated to UASNs may not consider the implementation in mobile underwater acoustic networks (MUASNs). In MUASNs, the movement of nodes aggravates the spatial-temporal uncertainty. Furthermore, full synchronization and acquisition localization information may not be realistic. Therefore, the development of a MAC scheme applied for MUASNs is of importance.
III. PROTOCOL DESCRIPTION OF G-MAC
A. SYSTEM MODELS Fig. 1 shows a MUASN that is composed of a number of gliders. Each of the gliders is equipped with an OFDM acoustic modem. A large-scale MUASN can be divided into several sub-MUASNs. In each sub-MUASN, one of the gliders is elected as the master glider noted as MG. The other gliders are named as SGs. The distance between the MG and SGs is within the maximum transmission range of the acoustic modem. Here, we focus on the message exchanges within one sub-MUASN. We assume that the number of SGs in one sub-MUASN is N. Based on the design of the OFDM modem, the channel model is set up where a total of M subcarriers is split into three sets: S n denotes the null subcarriers to facilitate Doppler compensation, S p denotes the pilot subcarriers to assist channel estimation, and S d denotes the subcarriers that are used for real data transmission. These three sets follow Eq. (1)
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In each OFDMA block, the null and pilot subcarriers are shared by all the users while S d subcarriers need to be split to serve different users among one sub-MUASN.
B. OVERVIEW OF G-MAC
Glider-MAC (G-MAC) is a multichannel MAC protocol dedicated for use in underwater centralized networks. As the aforementioned links' classification, G-MAC employs a three-phase scheme to accomplish data collection. In G-MAC, the time is slotted and each packet should be sent at the beginning of a time slot. Referred to in [8] , to address the hidden terminal problem, the length of one slot is set as Eq. (2), where τ is the maximum propagation delay; γ is the transmission time of a CSI packet and α is the guard time to compensate for possible clock drifts.
Phase 1.
When the MG needs to retrieve data from the SGs in the same sub-MUASN, it will broadcast a REQUEST packet to all the target's neighbors with the channel information it carries at the beginning of the first slot. The packet format of the REQUEST packet is depicted in Fig. 2 where S ID is the ID of the MG, D ID is the ID of the SGs, P is the current position of MG, and h i is the channel state between MG to nodes i. The estimation of h i will be introduced later.
Phase 2.
Once the SGs successfully receive and decode the REQUEST packet, they will distributedly run a joint channel allocation and power control algorithm to adjust their transmission frequency and power level at the beginning of the second slot and then send a DATA packet.
Phase 3.
After collecting data from the SGs, the MG will finally send an ACK packet to confirm the packet it received at the beginning of the third slot. If the MG fails to collect data from some SGs, it will initiate another requesting round.
C. PROTOCOL DETAILS
With the overview of G-MAC, we will discuss the detailed design of G-MAC for its resource allocation algorithm and channel estimation algorithm.
1) JOINT SUB-CARRIERS ALLOCATION AND POWER CONTROL (JCAPC) ALGORITHM
Once the SGs receive the REQUEST packet from the MG, they will run the JCAPC algorithm to allocate the transmission frequency and related power level for the DATA packets' transmission.
Variables used for JCAPC are defined as follows: M : the total number of subcarriers, N : the number of SGs (users) needed to send DATA, C m n : the transmission rate of the m th subcarrier of user n, p m n : the transmission power level on the m th subcarrier of user n, h n : the channel gain between user n to the MG, a m n : the binary indicator where a m n = 1 represents that the subcarrier m is assigned to user n.
In every sub-MUASN, nodes can be treated as rational and selfish users who intend to maximize their individual utilities in a self-interested manner. To optimize the overall network's performance, a noncooperative game theory-based algorithm is applied in JCAPC. In the game, the performance of the network is defined as the network's throughput and energy consumption. Therefore, the utility function consists of two terms: the utility part as the first term and the pricing part as the second term as shown in Eq. (3).
where α i is a positive pricing factor. Therefore, the optimization problem can be formulated as Eq. (4) max U n for all n (n ∈ N ) s.t.
where p n (max) is the maximum transmission power of each user. Therefore, a noncooperative game is constructed. The optimization problem can be solved with game theory. The solution to this problem, if feasible, is the one that achieves Nash equilibrium (NE). Although NE does not always exist, we can prove that it does exist in our problem. As proven in [19] , NE exists only if the following two conditions are satisfied:
[1] p m n ∈ s m n , where s m n is the set of transmissions of each user and is a nonempty and convex subset of some Euclidean space.
[2] U n is the utility function of each user and is a continuous and quasi-concave function for the independent variable p m n . The first condition is readily satisfied. To prove the second condition, we need to take the second-order derivation of U n as Eq. (5).
To find the optimal transmission power and allocate the subcarriers, we can relax a m n to take on a continuous value in the range from 0 to 1. After the modification, a m n can be viewed as a channel sharing fraction. Reference [20] has proven that this optimization problem can be solved by using the Lagrange multiplier method as Eq. (6) 
where µ n and ρ m are nonnegative Lagrange multipliers. Then, the optimal transmission power and the subcarrier allocation scheme can be acquired by solving Eq. (7) and Eq. (8).
Since ρ m is a constant, we can conclude that p m n h n a m n = A where A is a constant. In the network, one user can only occupy one subcarrier; therefore, we can select this user as the one with the maximum sharing factor as Eq. (9).
where
Algorithm 1 JCAPC
Step 1. Construct the channel gain matrix H with a REQUEST packet for every user. Then, reconstruct H to make the maximum entry in each row larger than the maximum entry in the next. (The number of the row and line represent the subcarrier's and user's ID, respectively)
Step 2. With the channel gain Vector H. For n = 1 to N do Calculate µ n * for all users using (9) assuming a m n = 1 for each potential user separately; then, select the best user with the aid of (10) .
Let a m n = 1 for each user separately and recalculate µ n * for all users while considering the current and previous channel allocation.
End for
Step 3. Select the best user in each row, using (9) . Then, allocate the user with the subcarrier that the row represented.
2) ESTIMATION OF THE CHANNEL GAIN WITH MOTION PREDICTION
In G-MAC, the channel gain between the MG and the SGs, which is directly related to the distance of the sender and receiver, play an important role for channel resource allocation. In this part, we will estimate the channel state with motion prediction of the mobile underwater nodes.
Underwater, the UGs' horizontal speed, denoted by U g , is calculated from the depth change rate d g and present pitch angle θ during one control cycle as Eq. (11) in Fig. 3 . Then, the eastward horizontal velocity u and the westward horizontal velocity v are:
Therefore, with the motion parameter U g and heading h, the trajectory of the gliders can be depicted.
Since the UGs move continuously, to obtain the precise distance information, a motion prediction scheme is applied. Based on the semicycle characteristic of the underwater gliders' movement, an autoregression (AR) model and linear prediction method is introduced. By applying the AR model, time is divided into several prediction windows. Considering the semicycle characteristic of the targets' motion, it is assumed that the coefficiency of the AR model remains a constant value in a prediction window. For the linear prediction, the predicted speed vector vi is the linear combination of the previous speed vector in the past windows as Eq. (13) 
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Levison-Durbin method. Therefore, the distance DT can be calculated by Eq. (14)
Finally, the acoustic channel gain h can be calculated by Eq. (15)
where A 0 is a unit-normalizing constant, k is the spreading factor with a typical value k = 1.5, D T is the distance between the sender and the receiver, α is the absorption coefficiency, and f is the frequency of the transmitted signal. Figs. 4 and 5 show the performance of the AR based motion prediction method. From the results, we can observe that both one and two-step AR prediction scheme can predict the distance of the moving glider. Furthermore, by comparing mean square error, the average MSE for 2 steps is 0.0523 which is higher than the MSE of 1 step prediction (0.0486). Fig. 5 shows that the one-step prediction scheme outperforms the two-step prediction scheme.
IV. EVALUATION
In this section, we evaluate the proposed G-MAC media access scheme in terms of the network's goodput, which is defined as the bits of the data transmission per unit time; and the average energy consumption, which is defined as the ratio between the energy consumption of G-MAC and that of SFAMA for the same number of transmitted packets.
The evaluated network consists of one MG and N SGs. The value of N varies from 2 to 4. The probability density of the distance from one SG to the MG follows the uniform distribution between 1000 to the maximum transmission range of the acoustic modem (4000 m).
The parameters of the acoustic modems, by consulting the real OFDM modem in [21] , are listed in Table 1 . Figs. 6(a) and 6(b) depict the network goodput with varying packet generation rates and transmission modes for G-MAC and Slotted FAMA, respectively. In this simulation, the number of followers is two. Fig. 6(a) shows that the G-MAC achieves approximately 40% (Mode 1) and 52% (Mode 5) improvement in network goodput over SFAMA while both of the protocols reach the stable maximum goodput (100B). As for the comparison to DOTS MAC protocol, G-MAC can also improve the goodput up to 13% and 20% for Mode1 and Mode 5 respectively. For a longer transmission packet's setting, G-MAC can achieve 61% (Mode 1) and 50% (Mode 5) improvement over SFAMA, 24% (Mode 1) and 18% (Mode 5) over DOTS at a 500B packet length. Overall, the significant improvement comes from the concurrent uplink transmission from the SGs to the MG. We can also observe that different transmission modes have almost no effect on SFAMA in the short packet transmission scenario. The reason is that the goodput performance of SFAMA mainly depends on the setting of the length of the slot. For the short packet, the transmission duration takes a small part of the whole slot. Therefore, the increase in the transmission rate cannot largely improve the goodput performance. However, due to a simplified handshake procedure and a relatively low transmission rate in G-MAC, the increase in the transmission rate has more impact on the goodput performance. This is the reason that in a more aggressive transmission mode the G-MAC shows a higher improvement. Nevertheless, for the longer packet's setting, the packet transmission time becomes the key factor in slot duration, which leads to a different improvement result for the 500B packet length setting. With an increase in the number of followers in the network, Figs. 7(a) and 7(b) show respectively the network goodput with varying packet generation rates and transmission modes for two MAC protocols. From these results, we can observe that G-MAC achieves approximately 61% (Mode 1) and 50% (Mode 5) improvement in network goodput over SFAMA while both protocols reach the stable maximum goodput with the packet length of 100B. As for the result of the comparison between G-MAC and DOTS, G-MAC outperform DOTS about 42% (Mode 1) and 47% (Mode 5) in network goodput. For a longer transmission packet's setting, G-MAC can achieve 64% (Mode 1) and 116% (Mode 5) improvement over SFAMA, and 28% (Mode 1) and 36% (Mode 5) over DOTS at 500B packet length. From the design of SFAMA, we know that the goodput performance has little relation to the number of N in the heavy traffic situation that matches the results in Fig 1 and Fig 3. The results show that the goodput performance remains stable with an increase in N. By contrast, with the three concurrent uploading transmissions, G-MAC can continuously increase its goodput performance with an increase in followers. As for DOTS, by increase the temporal reuse, it can highly increase the network's goodput compare with SFAMA. However, DOTS cannot efficiently allocate the spectrum resource, which leads to relatively low concurrent transmission in the network. However, the results in Figs. 8(a) and 8(b) show a different trend in the improvement of goodput performance. From these two figures, we can observe that G-MAC achieves approximately 73% (Mode 1) and 90% (Mode 5) improvement in network goodput over SFAMA while both protocols reach the stable maximum goodput with the packet length of 100B. For a longer transmission packet's setting, G-MAC can achieve 46% (Mode 1) and 93% (Mode 5) improvement at a 500B packet length. The reason is that with N = 4, the narrow bandwidth can be divided into 3 subchannels at most. Furthermore, the narrow subchannels largely increase the transmission time of each packet, especially for a longer packet. The fourth node's transmission will be postponed to the next transmission round. The above two reasons lead to decreasing goodput performance improvement compared to the previous simulation scenario where N is set to 3.
Energy efficiency is another critical performance metric for MAC protocol design. In this paper, the energy efficiency is measured by the relative energy consumption, which is defined in Eq. (16) and (17)
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where E GMAC , E DOTS and E SFAMA are the energy consumption of G-MAC, DOTS and the SFAMA protocol, respectively, for 1000 successfully transmitted data packets. From Figs. 9(g) and 9(h), we observe that for two different packet length settings, G-MAC outperform DOTS and SFAMA in terms of energy consumption. In each figure, we can observe that, for a more aggressive transmission mode, G-MAC shows a better energy performance. The reason is that a lower transmission rate means a longer transmission time, which leads to an increased energy consumption even when a lower sending power is adopted. Since the length of the G-MAC control packet is longer than that of DOTS and SFAMA, a higher transmission speed can effectively reduce the transmission time and related energy consumption of the control packets. For SFAMA, most of the transmission time is used for the packet's preamble. A different transmission mode has little impact on the transmission duration of the control packet. For data packets, these two protocols experience similar improvement for the aggressive transmission mode. Generally, the advantage of G-MAC for energy saving is because of the reduction of control packets. Therefore, for a longer packet scenario, the relative energy consumption is higher than that of a shorter packet scenario, since, for a longer packet scenario, most of the energy is consumed for the data packets transmission.
V. CONCLUSION
In this paper, we proposed a media access scheme named G-MAC dedicated to the UG network with consideration for the characteristics of the OFDM acoustic modem. G-MAC makes use of control packets to collect the sending request and channel condition to adjust the transmission power and data rate. To achieve the maximum network throughput while avoiding high energy consumption, a resource allocation algorithm is applied by adjusting the transmission frequency and power level. In addition, to alleviate the spatial-temporal uncertainty resulting from a nodes' movement, a trajectory prediction method based on the characteristic of underwater gliders is also proposed. This scheme enables as many concurrent transmissions as possible. Simulation results show that G-MAC improves the network goodput and saves energy in the representative network scenario.
Regarding future works, due to the performance of UASNs being highly dependent on the network's mission planning, it is important for us to research a joint design of mission plan and resource allocation scheme. Furthermore, considering a highly dynamic network, the underwater channel state may change during the packet's transmission. Therefore, an implementation of a channel estimation algorithm will improve the performance of the proposed MAC protocol.
